(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
26 July 2001 (26.07.2001) 




PCT 



(10) International Publication Number 

WO 01/53776 Al 



(51) International Patent Classification 7 : G01C 19/56, 
G01P 9/04 

(21) International Application Number: PCT/GB01/00057 

(22) International Filing Date: 8 January 2001 (08.0L2001) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

0001294.8 



20 January 2000 (20.01 .2000) GB 



(71) Applicant (for all designated States except US): BAE 
SYSTEMS PLC [GB/GB]; Farnborough Aerospace 
Centre, Warwick House, PO. Box 87, Farnborough, 
Hampshire GUM 6YU (GB). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only)'. FELL, Christopher, 
Paul [GB/GB]; 7 Belgrave Road, Mutley, Plymouth, De- 
von PL4 7DP (GB). TOWNSEND, Kevin [GB/GB]; 4 Re- 
spryn Close, Liskeard, Cornwall PL14 3TE (GB). 



(74) Agent: ROONEY, Paul, Blaise; BAE Systems pic, Group 
IP Dept., Farnborough Aerospace Centre, Lancaster House, 
P.O. Box 87, Farnborough, Hampshire GU14 6YU (GB). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CR, CU, CZ, 
DE, DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR, 
HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, 
LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ, 
NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, 
TR, IT, TZ, UA, UG, US, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European 
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, 
FT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF, 
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— with international search report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



== (54) Title: VIBRATORY SENSOR OPERATING AS A RATE GYRO ABOUT TWO AXES AND AS A RATE INTEGRATING 
= GYRO ABOUT THE THIRD ONE 



AGC Loop 



21 




X/Y Axis 
Phase Ret 



Quad Nulling 
Loop 



V© 



o 



Integrator 



20 



ControDer 



RIG Loop Phase _ 



Detector 



19" 



18' 



Anti-nodal Signal 
Nodal Signal 



Mode 
. Angle (a) 



Normalise 
Bryan Factor 



-22 



-Angle Out 



(57) Abstract: A vibrating structure gyroscope comprises a resonant body, drive transducer means for driving resonant motion of the 
body, pick-off means for producing signals representative of the resonant motion, and signal processing means for extracting z-axis 
orientation information and x- and y-axis rate information from the signals. The resonant body is planar and the resonant motion 
takes place in a vibration mode pattern whose orientation angle with respect to the body varies in accordance with z-axis orientation 
of the body and couples energy into an out-of-plane response mode motion in accordance with rotation of the body about the x- 
or y-axis. Signal processing means resolves the out-of-plane response mode motion with reference to a z-axis orientation signal to 
extract the x- and y-axis rate information. 
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This invention relates to multi-axis sensing devices and more particularly to vibrating 
structure gyroscopes that employ a resonant element. 

5 

Vibrating structure gyroscopes have been fabricated using a variety of structures for the 
resonant element including beams, tuning forks, cylinders and rings. Aside from 
measurement of the rate of rotation about a particular axis, these devices are also capable 

of operation in "whole angle" or "gyroscope" mode in which the device output rives a 
1 0 direct measure of the angle of rotation about a particular axis, as described in US^Patem 

No. 5.218.867. This mode of operation is known to give advantages in terms of improved 

scalefactor performance, particularly in applications where the device is subjected to 

sustained high rates of rotation. 

15 Planar rings have been shown to be particularly versatile, with single-axis rate gyro 
variants being commercially available using both conventionally fabricated and micro- 
machined resonators. 



20 



Conventional single-axis planar ring gyroscopes typically use cos2G in-plane vibration 
mode pairs. For a perfectly symmetric resonator there will be two degenerate modes at a 
mutual angle of 45° These are shown schematically in Figure la (cos29 mode) and Figure 
lb (sin26 mode) which show the ring distortion at the two extremes of motion during a 
single vibration cycle. One of these modes is excited as the carrier mode (Figure la). When 
the structure is rotated about the axis normal to the plane of the ring (the z-axis). Coriolis 
forces couple energy into the response mode (Figure lb). The Coriolis force, and hence the 
amplitude of the response mode motion is directly proportional to the applied rotation rate. 
Other higher-order cosn6 mode pairs may also be used in similar fashion. 

In operation, the carrier mode is driven at the resonance maximum and is typically 
30 maintained at a constant amplitude. The Coriolis forces generated as a result of rotation 
will be at the carrier resonance frequency. The response mode frequency is typically 



25 
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matched to that of the carrier and thus the motion arising as a result of these forces is 
amplified by the Q (quality factor) of the structure, giving enhanced sensitivity. This 
response mode motion may be nulled using a force feedback loop with the nulling force 
then being directly proportional to the applied rate. This mode of operation removes the Q 
5 dependence from the rate output and gives improved scalefactor performance. The motion 
of the ring is thus maintained at a fixed angular orientation at all times. 

Planar ring structures are also suitable for use in single-axis attitude sensors using in-plane 
cosn9 mode pairs, such as described in relation to a cylindrical element in US Patent No. 

10 5,218.867. In this mode of operation, the vibration energy is free to transfer between the 
in-plane mode pairs as the device is rotated, with no force feedback being applied. If the 
mode frequencies are accurately matched, this will be equivalent to the mode rotating 
around the ring as the structure is rotated. The mode pattern orientation is not inertially 
stable but tends to lag behind the rotation of the ring structure. The ratio of the pattern 

15 angle rotation to the applied rotation angle is given by an inertial coupling constant. K. 
which is dependent upon the resonator structure and the mode order, n. 

When operating in this mode, the same drive and pick-off configurations may be employed 
as for conventional closed-loop rate gyro operation. The techniques for detecting the mode 

20 orientation on the ring and for maintaining the amplitude of motion are. however, 
significantly different. A radial drive signal is applied to sustain the vibration amplitude at 
one or more of the radial anti-nodes. As the mode pattern rotates around the ring, the 
effective drive position is required to track the radial anti-node around the ring. The pick- 
offs must similarly have the capability of resolving the actual radial motion of the ring at 

25 both the radial anti-node and node. The radial anti-node signal is used to maintain the drive 
frequency at the resonance maximum and to normalise the vibration amplitude. The radial 
node signal is required to track the mode position accurately. 

Ring structures are also capable of providing rate sensitivity around multiple axes, as 
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reduction in both cost and size. 

Between them. UK Patent Application Nos. 2318184A and 2335273 A describe various 
modal combinations that may be employed to implement both two- and three-axis rate 
gyroscopes. The locations of the drive and pick-off transducer elements appropriate for 
each combination are also shown therein. 

The disclosures of US Patent No. 5,218,867 and UK Patent Application Nos. 2318184A 
and 23 3 5273 A are incorporated herein by reference. 

Certain gyroscope applications may require measurement of the spatial orientation of a 
body that is subject to high rates of rotation about one particular axis. In aircraft 
navigation, for example, the roll axis of the aircraft may be subject to higher rotation rates 
than the pitch and yaw axes. In order to compute the orientation in the pitch and yaw axes 
in such applications, it is essential that the orientation in the roll axis is known to a high 
degree of accuracy. 

Consequently, for axes experiencing high rotation rates, there is a considerable 
performance advantage in operating in "whole angle" mode to prevent the accumulation of 
a heading error due to scalefactor error. By way of illustration, a 1% scalefactor error will 
result in a 3.6° heading error for each revolution. This problem of cumulative error is 
particularly acute when sensing the motion of a wheel or axle, in which one axis will 
obviously experience vastly higher rotation rates than the other two axes. 

There is therefore a requirement for a device that combines the advantages of multi-axis 
operation whilst providing for accurate measurement of orientation around a single axis 
that may be subject to sustained high rates of rotation. 

The present invention results from the insight that it is possible to operate the z-axis 
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response of a multi-axis gyroscope in "whole angle" or "gyroscope" mode whilst retaining 
the x- and y-axis responses in rate gyro mode. Accordingly, the invention mav be 
expressed broadly as a three-axis gyroscopic sensing device adapted for operation as a rate 
gyroscope about two axes and as a whole angle gyroscope about the third axis. 

The invention therefore resides in a vibrating structure gyroscope comprising a resonant 
body, drive transducer means for driving resonant motion of the body, pick-off means for 
producing signals representative of the resonant motion, and signal processinc means for 
extracting z-axis orientation information and x- and y-axis rate information from the 



10 signals. 



More specifically, the signal processing means extracts z-axis carrier mode orientation 
information from the signals and normalises this information to give information on the 
angular orientation about the z-axis. as well as extracting x- and y-axis rate information 
1 5 from the signals. 

In such a gyroscope the resonant body is typically a planar ring structure and the resonant 
motion takes place in a vibration mode pattern in the plane of the ring whose orientation 
angle with respect to the body varies proportionately with the orientation of the body about 
its z-axis. This vibration mode pattern couples energy into an out-of-plane response mode 
motion in accordance with rotation of the body about the x- or y-axis. In this case, the 
signal processing means advantageously resolves the out-of-plane response mode motion 
with reference to a z-axis orientation signal representative of the orientation about the z- 
axis to extract the x- and y-axis rate information. 



20 



25 



The pick-off means suitably comprises a first plurality of pick-offs positioned to sense 
resonant motion in the plane of the body and a second plurality of pick-offs positioned to 
sense response mode motion out of the plane of the body. The pick-offs of the second 
plurality should be separated by 30k°. where k is an odd integer. 
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The drive transducer means preferably comprises a plurality of drive transducers driven via 
a drive resolver that takes input from the z-axis carrier vibration mode orientation signal to 
give a resultant drive resolved along the orientation angle of the vibration mode pattern. 

5 

In preferred embodiments of the invention, the signal processing means includes rate 
integration means that takes input signals from the first plurality of in-plane pick-offs via a 
pick-off resolver and outputs the z-axis orientation signal, and an x- y- axis resolver that 
takes as input drive signals applied to a plurality of out-of-plane drives, resolves those 
10 signals with reference to the z-axis carrier vibration mode orientation signal, and outputs 
the x- and y-axis rate information. 

Advantageously, an anti-nodal signal from the pick-off resolver is applied to a phase 
locked loop that adjusts the drive frequency of the drive transducer means to track a 
1 5 resonance maximum. The anti-nodal signal is preferably also applied to a gain control loop 
that adjusts the drive level applied to the drive transducer means to maintain a constant 
anti-nodal signal. 

A nodal signal from the pick-off resolver may be applied to a rate integration means that 
20 preferably comprises a phase detector to resolve any signal component that is in-phase with 
an anti-nodal signal. The rate integration means advantageously comprises a rate signal 
generator means such as a loop controller that takes the nodal signal and outputs a rate 
sicnal proportional to the rate of rotation of the vibration mode pattern about the z-axis. 
The rate integration means can then further comprise an integrator that integrates the rate 
25 signal to output the z-axis carrier vibration mode orientation signal. This z-axis carrier 
vibration mode orientation signal can be applied to a normalising means that applies the 
Bryan factor to that signal to give a direct measure of the angle through which the 
gyroscope body has rotated around the z-axis. 
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Conveniently, the pick-off means comprises an x-axis pick-off whose output is applied to 
an x-axis rate loop and a y-axis pick-off whose output is applied to a y-a\is rate loop, and 
the x- and y-axis rate loops respectively apply drive signals to x- and y-axis drive 
transducers to null the signal at the respective pick-offs. 

5 

To minimise vibration pattern drift, it is advantageous to employ a quadrature nulling loop. 
This loop preferably applies a drive signal to the drive transducer means along a nodal axis 
to maintain the input to the loop at zero. 

1 0 Reference has already been made to Figure la, which shows diagrammatical ly a degenerate 
cos20 vibration mode in a symmetric resonator or vibrating structure acting as a carrier 
mode in a conventional manner, and Figure lb, which is a diagrammatic illustration of a 
degenerate sin2G vibration mode at 45° to that of Figure la. acting as a response mode in a 
conventional manner. For a better understanding of the present invention and to show how 

15 it may be carried into effect, reference will now be made, by way of example, to the 
remaining drawings in which: 

Figure 2a is a three-dimensional representation showing the angular distribution of 
radial displacement for a cos2(9^a) in-plane carrier mode where a=0°; 

20 

Figure 2b corresponds to Figure 2a but shows the cos 30 vibration mode pattern of 
z-axis displacement excited by rotation around the x-axis; 

Figure 2c corresponds to Figures 2a and 2b but shows the sin 30 vibration mode 
25 pattern of z-axis displacement excited by rotation around the y-axis; 

Figures 3a, 3b and 3c correspond respectively to Figures 2a, 2b and 2c but show the 
equivalent responses where a=22.5°; 
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Figure 4 is a block diagram of a preferred embodiment of the invention, showing 
components that implement z-axis angle sensing; and 

Figure 5 is a block diagram corresponding to Figure 4 but showing additional 
5 components that implement x- and y-axis rate sensing. 

To recap, the present invention contemplates a multi-axis sensing device that operates as a 
rate gyroscope about two axes, x and y, and as a "whole angle" gyroscope about the third 
axis. z. With the z-axis gyroscope response implemented in this mode, the carrier mode for 
1 0 the x- and y-axis rate responses is no longer spatially fixed on the ring. A rotation applied 
around the z-axis will therefore result in the in-plane carrier mode angular position rotating 
around the ring. 

The carrier mode shape may be defined with respect to a fixed angular reference direction. 
15 9 = 0°. which is taken to be along a diameter passing through the ring centre. The radial 
displacement of the ring will have a cosn(9+cc) angular distribution, where a is the mode 
angular orientation with respect to the reference direction. The x and y rate response axes 
may also be defined with respect to the fixed gyroscope body reference axis, the y-axis 
lvinu alonsz 9 = 0° and the x-axis lying along 9 = 90°. 



20 



25 



In order to derive the Coriolis force components generated as a result of rotation around 
the x- and y-axes. it is necessary to consider the angular distribution of the radial and 
tangential velocity components of the carrier mode, for any given value of a. From this, 
the velocity components in the x and y directions can be calculated and hence the Coriolis 
force distributions arising from rotations around the x- and y- axes. 

For a rotation around the x-axis, Q„ the out-of-plane Coriolis force distribution. F z (9). will 
be given by: 
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F z (9) = F„„n x cos{«o+(m+1)^} + F n .,Cl x cos{»a+(#j-/)0} 

where as before, 0 is the angular position around the ring with respect to the fixed 
reference position, n is the carrier mode order and the parameters F„., and F„., 
constants that depend on the precise geometry of the ring, the material from which the 
is made, and the value of n. Similarly, for rotation around the y-axis. Q,. the Coriolis force 
distribution will be given by: 



are 
ring 



Fz(9) - F„.,Cl y sin{/7or+(/7+l)^ + F„.,£l y sin{/icc+(«-/)0} 

It will be apparent that these expressions are similar to those obtained for a fixed carrier 
mode position as previously discussed, except for the additional na terms. Rotations 
around the body-fixed x and y axes will therefore still result in the generation of Coriolis 
force components that can couple directly into cos(«±/;0 or the sm(n±J)0 out-of-plane 
mode pairs. However, these force components will also be displaced by an angle na on the 
ring. 

These effects may be illustrated, by way of example, for a cos2(9 + a) in-plane carrier mode 
coupling into cos(3e^2a) and sin(30+2a) out-of-plane response modes. Figure 2a shows a 
three-dimensional representation of the radial displacement angular distribution for a 
cos2(6+a) in-plane carrier mode for a = 0°. The broken line shows the undisplaced 
position of the ring with the solid lines showing the extremes of motion during a single 
vibration cycle. 

A rotation applied around the x-axis will generate Coriolis force components which will 
excite a vibration mode pattern with z-axis displacements as shown in Figure 2b. Again, 
the solid lines show the extremes of out-of-plane displacement from the stationary ring 
(dashed line) during the vibration cycle. Similarly, rotation applied around the y-axis will 



? 



WO 01/53776 




PCT/G BO 1/00057 



10 

excite a vibration mode pattern as shown in Figure 2c. 

Figure 3 shows the equivalent responses where a = 22.5°. Figure 3a shows the in-plane 
radial carrier mode displacement and Figures 3b and 3c show the out-of-plane response 
5 motion resulting from rotation applied around the x- and y-axes respectively. Similar plots 
may be generated for other modal combinations. 

Using this combination of modes, it is necessary to resolve the cos(39+2a) out-of-plane 
response mode motion in order to measure rotation around the x-axis of the gyro body. 

10 Similarly, to measure rotation around the y-axis it is necessary to resolve the sin(36+2a) 
out-of-plane response mode motion. The amplitude of motion of these modes is 
conveniently measured at one or more of the vibration anti-nodes. As these anti-nodal 
points are no longer fixed on the ring, the x- and y-axis responses cannot be detected 
directly by fixed out-of-plane (z-axis) pick-off elements. The relevant motions can, 

1 5 however, be resolved in the required angular directions by combining the output of two or 
more appropriately located fixed pick-off elements. Where these response modes are 
operated in a force feedback mode, the appropriate drive forces may similarly be applied at 
the required resolved angular locations using two fixed drive transducers. 

20 The control circuit for the in-plane rate integrating vibration mode control is shown in 
Figure 4. The 0° direction is indicated by the solid arrow 9. Two drive elements 10 and 1 1 
are located at 0° and 45° and two pick-off elements 12 and 13 are located at 1 80° and 225°. 

For a known value of a. the sine/cos pick-off resolver 14 processes the signals from pick- 
25 off elements 12 and 13 and outputs one signal resolved along the anti-nodal position and 
another signal resolved along the nodal position. 

The anti-nodal signal is applied to a phase locked loop 15 which adjusts the drive 
frequency to track the resonance maximum. This signal is also applied to a gain control 
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loop 16 which adjusts the drive level to maintain a constant signal and thus to stabilise the 
vibration amplitude. The drive signal V 0 is applied to the drive resolver element 1 7 which 
sets the drive levels on drive transducers 10 (V 0 cos2a) and 1 1 (V 0 sin2a) to give a resultant 
drive resolved along a. 

5 

The nodal pick-off signal is applied to a phase detector 18 that resolves the signal 
component which is in-phase with the anti-nodal signal. This signal is then applied to the 
RIG loop controller 19 to give a signal proportional to the rate of rotation of the vibration 
mode pattern. This output is applied to an integrator 20 to give a signal directly 
1 0 proportional to the vibration mode pattern orientation angle a. This value is applied to the 
sine/cos pick-off resolver 14 such that a null value is maintained at the phase detector 18 
output. The orientation angle a is also applied to the sine/cos drive resolver 1 7 in order to 
maintain the resolved drive along the anti-nodal axis. 

15 For a non-perfect resonator structure, a small difference in the sin29 and cos29 mode 
frequencies will give rise to a significant amount of quadrature motion at the radial nodal 
points. This is known to give rise to undesirable vibration pattern drift but may be 
eliminated by nulling the quadrature motion of the resonator by means of a quadrature 
nulling loop 21 as shown in Figure 4. This resolves the component of the nodal signal that 

20 is in quadrature to the anti-nodal signal and applies a drive signal along a nodal axis such 
that the input to the quadrature nulling loop 21 is zero at all times. 

The a value derived from the integrator 20, when normalised at 22 by the Bryan factor, 
gives a direct measure of the angle through which the gyroscope body has rotated around 
25 the z-axis. 

The implementation of the x- and y-axis rate sensing is shown schematically in Figure 5. 
For the out-of-plane rate response modes it is convenient to use two pick-off elements 23 
and 24 located at 0° and 90° with respect to the fixed reference axis although any two pick- 
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off elements separated by 30k c (where k is an odd integer) will be suitable. These pick-off 
elements are positioned appropriately above and/or below the ring rim to detect out-of- 
plane motion. Similarly, it is convenient to use two drive transducer elements 25 and 26 
located at 180° and 270° to control the out-of-plane motion of the ring. 

5 

Figure 5 shows the electronic control circuitry for the z-axis rate integrating mode 
discussed above in combination with x- and y-axis rate gyro operation. The primary loops 
27 include both the phase locked 15 and gain control 16 loops illustrated in Figure 4 for 
the in-plane carrier mode. Similarly, the rate integration loop 28 includes the phase 
1 0 detector 1 8. RIG loop controller 1 9 and integrator 20 of Figure 4. 

The output of x-axis pick-off 23 is applied to the x-axis rate loop 29 and a drive is applied 
to the x-axis drive element 25 in order to null the signal at the pick-off 23. Similarly, the 
output of y-axis pick-off 24 is applied to the y-axis rate loop 30 and a drive is applied to 
1 5 the y-axis drive element 26 in order to null the signal at the pick-off 24. 

Where the in-plane and out-of-plane modes are all precisely matched in frequency, the out- 
of-plane response mode motion will be in phase with the in-plane motion but where any 
small frequency split is present, quadrature motion will be detected. Additional drive 
20 signals may be applied to the x- and y-axis drive elements 25 and 26 to null this quadrature 
motion in order to maintain a true null at the pick-off elements 23 and 24. 

While the x- and y-axis drive and pick-off transducer elements 23, 24, 25. 26 are aligned 
along the input rotation axes, the responses to rate inputs about these axes are dependent 
25 upon the orientation of the carrier mode pattern, a. The applied rates must be resolved 
from these responses using the in-plane carrier mode angular location a. The drive signals 
from the x- and y-axis loops 29, 30 are applied to the sine/cos x-y axis resolver 31 and the 
in-phase drive levels are resolved along a (cos(36+2a) response) and a+30° (sin(39+2cx) 
response) to obtain the x- and y-axis rate signals. 
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Many variations are possible within the inventive concept. For example, additional drive 
and pick-off elements may be located at additional angular locations matched to the modal 
symmetry of the vibrating element without changing the basic functionality of the device. 
5 More generally, the control scheme of the invention may be used with any of the in-plane 
carrier and out-of-plane response modal combinations described in UK Patent Application 
Nos. 2318184A and 2335273 A. 

Those skilled in the art will also know that that the resonator element could be made from 
10 various materials, such as electro-formed or micro-machined metal, quartz, polysilicon or 
bulk silicon. The choice of material will often be determined by the fabrication method and 
vice versa. It will also be apparent that the drive means and/or the pick-off means can 
operate using various principles, notably electrostatics, electromagnetics, piezoelectricity 
or optics. 
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CLAIMS 

1 . A vibrating structure gyroscope comprising a resonant body, drive transducer means for 
driving resonant motion of the body, pick-off means for producing signals representative 
5 of the resonant motion, and signal processing means for extracting z-axis carrier vibration 
mode orientation information and for normalising this information to give information on 
angular orientation about the z-axis and for extracting x- and y-axis rate information from 
the signals. 

10 2. The gyroscope of Claim 1. wherein the resonant body is a planar ring structure and the 
resonant motion takes place in a vibration mode pattern in the plane of the ring whose 
orientation angle with respect to the body varies proportionately with the orientation of the 
body about its z-axis and couples energy into an out-of-plane response mode motion in 
accordance with rotation of the body about the x- or y-axis, and wherein the signal 

1 5 processing means resolves the out-of-plane response mode motion with reference to a z- 
axis orientation signal representative of orientation about the z-axis to extract the x- and y- 
axis rate information. 

3. The gyroscope of Claim 2. wherein the pick-off means comprises a first plurality of 
20 pick-offs positioned to sense resonant motion in the plane of the body and a second 

plurality of pick-offs positioned to sense response mode motion out of the plane of the 
body. 

4. The gyroscope of Claim 3, wherein the pick-offs of the second plurality are separated by 
25 30k°. where k is an odd integer. 

5. The gyroscope of any of Claims 2 to 4, wherein the drive transducer means comprises a 
plurality of in-plane drive transducers driven via a drive resolver that takes input from the 
z-axis carrier vibration mode orientation signal to give a resultant drive resolved along the 
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orientation angle of the vibration mode pattern. 

6. The gyroscope of Claim 3 or Claim 4, or Claim 5 when appendant to Claim 3 or Claim 
4, wherein the signal processing means includes rate integration means that takes input 

5 signals from the first plurality of in-plane pick-offs via a pick-off resolver and outputs the 
z-axis orientation signal, and an x- y- axis resolver that takes as input drive signals applied 
to a plurality of out-of-plane drive transducers, resolves those signals with reference to the 
z-axis carrier vibration mode orientation signal, and outputs the x- and y-axis rate 
information. 

10 

7. The gyroscope of Claim 6, wherein an anti-nodal signal from the pick-off resolver is 
applied to a phase locked loop that adjusts the drive frequency of the drive transducer 
means to track a resonance maximum. 

15 8. The gyroscope of Claim 7, wherein the anti-nodal signal is applied to a gain control loop 
that adjusts the drive level applied to the drive transducer means to maintain a constant 
anti-nodal signal. 

9. The gyroscope of any of Claims 6 to 8, wherein a nodal signal from the pick-off resolver 
20 is applied to rate integration means. 

1 0. The gyroscope of Claim 9, wherein the rate integration means comprises a phase 
detector that resolves the signal component which is in-phase with an anti-nodal signal. 

25 11. The gyroscope of Claim 9 or Claim 1 0, wherein the rate integration means comprises a 
rate signal generator means that takes the nodal signal and outputs a rate signal 
proportional to the rate of rotation of the vibration mode pattern about the z-axis. 

12. The gyroscope of Claim 11, wherein the rate integration means further comprises an 
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integrator that integrates the rate signal to output the z-axis orientation signal. 

13. The gyroscope of any of Claims 2 to 12, wherein the z-axis carrier vibration mode 
orientation signal is applied to a normalising means that applies the Bryan factor to the z- 

5 axis carrier vibration mode orientation signal to give a direct measure of the angle through 
which the body has rotated around the z-axis. 

14. The" gyroscope of any preceding Claim, wherein the pick-off means comprises an x- 
axis pick-off whose output is applied to an x-axis rate loop and a y-axis pick-off whose 

1 0 output is applied to a y-axis rate loop, and the x- and y-axis rate loops respectively apply 
drive signals to x- and y-axis drive transducers to null the signal at the respective pick-offs. 

15. The gyroscope of any preceding Claim, wherein a quadrature nulling loop applies a 
drive signal to the drive transducer means along a nodal axis to maintain the input to the 

1 5 quadrature nulling loop at zero. 

16. A three-axis gyroscopic sensing device adapted for operation as a rate gyroscope about 
two axes and as a whole angle gyroscope about the third axis. 

20 1 7. A vibrating structure gyroscope, substantially as hereinbefore described with reference 
to or as illustrated in any of Figures 2 to 5 of the accompanying drawings. 
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Fig. 1 b. 
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Fig.2a. ^ 




Fig.2b. h 




Fig.2c. |i 
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Fig. 3b. 5. 




BNSDOCID: <WO 0153776A1 I > 



WO 01/53776 



PCT/GB01/00057 




BNSDOCID: <WO 0153776A1J_> 



WO 01/53776 



PCT/GB01/00057 



5/5 



=3 




BNSDOC1D: <WO 01S3776A1_I_> 



INTERNA' 



AL SEARCH REPORT 



Intern 



I Application No 

PCT/GB 01/00057 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 G01C19/56 G01P9/04 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 G01C 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 

EPO-Internal , WPI Data, PAJ 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ° Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No, 



GB 2 318 184 A (BRITISH AEROSPACE) 
15 April 1998 (1998-04-15) 
cited in the application 
abstract 

W0 93 05400 A (BEI ELECTRONICS) 
18 March 1993 (1993-03-18) 
abstract; claim 29; figure 3 



1-17 



1,16 



□ 



Further documents are listed in the continuation of box C. 



Patent family members are listed in annex. 



° Special categories of cited documents : 

"A" document defining the general state of the art which is not 
considered to be of particular relevance 

'E' earlier document but published on or after the international 
filing date 

•L" document which may throw doubts on priority daim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O* document referring to an oral disclosure, use, exhibition or 
other means 

■P* document published prior to the international filing date but 
later than the priority dale claimed 



•T* later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

'X' document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

*Y* document of particular relevance; the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion of the international search 



6 April 2001 



Date ot mailing of the international search report 



17/04/2001 



Name and mailing address of the ISA 

European Patent Office. P.B. 5818 Patent laan 2 
NL - 2280 HV Rijswijk 
Tel. (+31-70) 340-2040. Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized officer 



De Buyzer, H 



Form PCT/ISA/210 (second sheet) (July 1992) 
BNSDOCID: <WO_0153776A1_I_> 



INTE^^TIONAL SEARCH REPORT rjj^ 



information on patent family members 



Patent document 
cited in search report 



Publication 



GB 2318184 



15-04-1998 



WO 9305400 



18-03-1993 



.tal Application No 

PCT/GB 01/00057 



Patent family 
member(s) 



CA 
EP 
JP 
US 



2217683 A 
0836073 A 
10160483 A 
5915276 A 



AT 174690 T 
CA 2116572 A,C 

DE 69227910 D 

DE 69227910 T 
EP 0601120 A 
JP 2502937 B 
JP 6510604 T 
US 5284059 A 



Publication 
date 



08-04-1998 
15-04-1998 
19-06-1998 
22-06-1999 



15-01-1999 
18-03-1993 

28- 01-1999 
12-05-1999 
15-06-1994 

29- 05-1996 
24-11-1994 
08-02-1994 



Form PCT/1SA/210 (patent family annex) (Juty 1992) 
BNSDOCifr. <WO 01 53776A 1_1_> 



